The use of potent combination antiretroviral therapy (ART) regimens to treat human immunodeficiency virus (HIV) infection has been effective at reducing viral loads, increasing CD4 cell counts, delaying HIV disease progression, reducing morbidity, and prolonging survival. However, the long-term success of chronic ART may be limited by costs, drug toxicity, development of viral resistance, and a persistent viral reservoir (6, 21) . Thus, additional strategies for controlling HIV replication in chronically infected individuals are needed.
Most evidence indicates that HIV-specific cytotoxic CD8 ϩ T lymphocytes play a role in controlling viral replication. The initial occurrence of virus-specific cytotoxic T-lymphocyte (CTL) responses correlates with the resolution of symptomatic acute primary HIV infection (20) . An association between virologic control and the presence of CTL responses was documented more than a decade ago in studies of patients who progress to disease more slowly (4, 30) . More recently, individuals capable of controlling viral replication in vivo without ART have been identified, and the breadth of epitope recognition, recognition of nondominant epitopes, HLA restriction, and types of cytokines produced may all affect virologic control (2, 11, 12, 33) . Thus, the ability to induce new CTLs or to augment existing CTLs in HIV-infected individuals using therapeutic vaccination is likely to provide significant clinical benefit, particularly when the antiviral activity of drug therapy is threatened.
The induction of CTLs requires intracellular expression of the vaccine immunogen followed by proteolytic cleavage, mediated by proteosomes, to generate epitopes which are subsequently expressed bound to major histocompatibility class I antigens. This has focused most efforts within the field toward the use of viral vectors or DNA vaccines where the vaccine immunogen is transcribed and translated in vivo. Viral vectors, based on recombinant canarypox, modified vaccinia virus Ankara (MVA), and adenoviruses, and DNA plasmids encoding a variety of HIV type 1 (HIV-1) antigens have been and continue to be, tested in numerous clinical trials with HIV-1-infected volunteers (7, 8, 9, 13, 17, 19, 22, 23, 25) . Both viral vectors and DNA vaccines have proved marginally effective at inducing measurable CTL responses, and some clinical benefit has been reported in the therapeutic setting through the use of ART cessation.
We developed an experimental therapeutic DNA vaccine that encodes 21 HLA class I supertype-restricted CTL epitopes; 7 epitopes restricted each to HLA-A2, -A3, and -B7 supertype allelic products; and the synthetic and universal helper T-lymphocyte (HTL) epitope, termed PADRE (32) ( Table 1 ). The HIV epitopes are highly conserved and are derived from structural (Gag, Pol, and Env) and regulatory (Nef, Rev, and Vpr) proteins. The relevance of these epitopes was demonstrated based on their recognition by CD8 ϩ T lymphocytes obtained from HIV-1-infected individuals; this immune recognition demonstrates the generation of these epitopes in vivo as a consequence of HIV-1 infection and the presence of the appropriate T-cell receptors for their recognition (1, 32) . The vaccine is predicted to be immunogenic in approximately 85% of randomly selected individuals without ethnic bias, based on HLA-A2, -A3, and -B7 supertype allelic frequencies, but this is only a minimal estimate because many epitopes can be restricted through other, unrelated HLA products (32) .
The gene encoding the vaccine immunogen was codon optimized to promote translation in humans, and the protein sequence was engineered to include amino acid spacers to increase epitope processing efficiency (24 epitope peptides at a concentration of 10 g/ml as the epitope-specific test.
Testing was completed using triplicate wells of cells, with the exception of the medium-only control, where six replicates were used. Plates were then incubated at 37°C for 40 h, harvested, dried, and read on Zeiss KS ELISPOT reader. A vaccine-induced response was defined as a Ն3-fold increase over the baseline response to the individual epitope peptide and with a minimum response magnitude of Ͼ50 spot-forming cells (SFC)/10 6 PBMC for the primary ELISPOT assay. The clinical protocol-defined immunological end point defining a "vaccine responder" was the measurement of significant responses using the primary ELISPOT assay for two or more epitopes at week 18.
IVS ELISPOT assay. Cryopreserved PBMC collected prevaccine (baseline) and at week 24 postvaccination were thawed and resuspended in RPMI plus 10% human AB serum at a concentration of 5 ϫ 10 6 /ml in a six-well flat-bottom plate. A pool of the 21 epitope peptides was added to the cells at a final concentration of 1 g/ml/peptide. Cells were incubated for 24 h at 37°C and then diluted with RPMI with 10% human AB serum supplemented with 50 U/ml interleukin-2 to a concentration of 1 ϫ 10 6 cells/ml. Cultures were incubated for an additional 7 days before being harvested for the IVS ELISPOT assay; the assay was performed as for nonexpanded PBMC with individual epitope peptides by testing cells at a concentration of 1 ϫ 10 4 cells/well, and a minimum of Ն500 SFC/10 6 PBMC was considered positive for response. Statistical methods. The primary outcome measure was safety, with immunologic end points defined as secondary. All analyses assumed a two-sided test of hypothesis with an overall significance level of 0.05. Immunologic end points and post hoc analyses, including IVS ELISPOT assays and outcomes, which included all postvaccine time points for the primary ELISPOT assay, were considered exploratory and were not adjusted for multiple comparisons. Nonparametric tests were used to compare characteristics across treatment groups. Fisher's exact test and McNemar's test were used to analyze two-by-two contingency tables.
RESULTS

Baseline patient characteristics.
A group of 41 patients, 37 men and 4 women, were enrolled (Table 2) . At inclusion, patients had a median CD4 count of 717 cells/ml (range, 403 to 1,518 cells/ml) and a median plasma HIV RNA level of Ͻ35 copies/ml (range, Ͻ20 to 2,210 copies/ml). ART typically consisted of three drugs, with a median treatment duration of 152 weeks (range, 23 to 512 weeks). CD4 nadirs were Յ100 cells/ml for 27% of the patients, 101 to 500 cells/ml for 63% of the population, and Ͼ500 cells/ml for the remaining 10%.
Although HLA typing was not utilized as an inclusion criterion, subjects were molecularly HLA typed and 90% expressed at least one of the supertype alleles restricted by EP HIV-1090. As anticipated in a predominately (80%) Caucasian patient population, the majority of the patients (66%) expressed an HLA-A2 supertype allele. HLA-B7 patients were nearly equally represented at 61%, whereas HLA-A3-expressing patients were found at a frequency of 41%. Nine patients (22%) expressed allelic products representing all three HLA supertypes.
Safety and tolerability of EP HIV-1090. EP HIV-1090 was generally safe and well tolerated in all 40 patients receiving the four scheduled intramuscular immunizations. One patient enrolled in the study was replaced at week 8 because of poor adherence to ART medication. CD4 counts and plasma HIV-1 RNA levels remained stable throughout the study, and no AIDS-defining clinical events were observed. There were no occurrences of grade 3 or 4 toxicity judged to be definitely or possibly related to the vaccine. There were two instances of grade 2 injection site pain reported in the vaccine recipients (Table 3 ). Both subjects were in the 1.0-mg dose group, and injection site discomfort was not observed in higher-dose groups, including the 4.0-mg cohort, who received twice the injection volume administered as two injections. Increases in creatine phosphokinase levels were also noted in three subjects, two vaccine recipients and one placebo recipient. These events were most likely the result of the intramuscular immunization route itself rather than an effect of EP HIV-1090.
Immunogenicity of EP HIV-1090. Baseline epitope-specific immune responses present prior to EP HIV-1090 immunizations were measured using primary IFN-␥ ELISPOT assays (net SFC/10 6 PBMC). Preexisting epitope-specific responses to 9 of the 21 vaccine epitopes were detected in nine patients, for a total of 15 responses (Table 4) . Three HLA-A2 epitopes (Gag 386, Nef 221, and Pol 498), five HLA-A3 epitopes (Env 61, Pol 347, Pol 722, Pol 929, and Pol 971), and one HLA-B7 epitope (Pol 893) were recognized at baseline. Four subjects had a measurable baseline response to one epitope, four additional subjects presented with responses to two epitopes, and one patient had responses to three vaccine epitopes before vaccination. Eighty percent of the baseline responses (12/15 epitopes recognized) were observed in patients expressing the correspondingly restricted HLA supertype allele.
The median baseline immune response to individual epitopes was 90 SFC/10 6 PBMC (range, 50 to 425). HLA-A2 epitopes were the most frequently recognized prevaccination and constituted 8 of 15 baseline responses directed against three epitopes. Moreover, each of the three HLA-A2 epitopes was recognized in a minimum of two patients, whereas other epitopes were generally recognized in a single individual, with the exception of the HLA-A3 epitope Pol 971, against which two patients responded. Interestingly, subjects expressing alleles from all three vaccine HLA supertypes seemed somewhat overrepresented in the baseline responder group, as five of the nine patients were HLA-A2, -A3, and -B7 positive (P ϭ 0.014 by Fisher's exact test).
The clinical protocol-defined immunological end point used to define an individual subject as a "vaccine responder" was the measurement of significant responses against at least two epitopes at week 18, 2 weeks after the final immunization. By this criterion, two subjects, one subject each from the 0.5-and 1-mg dose groups, were considered to have responded to EP HIV-1090 immunization, and no subjects who received placebo immunization were classified as vaccine responders (P ϭ 1.0) ( Table 5 ). Three additional subjects (dose groups 0.5, 2, and 4 mg) responded to a single epitope at week 18. Differences in response frequencies between dose groups for one or more epitope responses at week 18 did not achieve statistical significance (Fisher's exact test, P ϭ 0.950). Of the eight epitope-specific responses identified using PBMC and the primary ELISPOT assay at week 18, 75% were found in patients expressing the predicted HLA restricting allele.
When primary ELISPOT responses were evaluated using sequentially collected PBMC samples after each vaccination, the transient nature of vaccine-induced T-cell responses in the peripheral blood compartment became apparent. In the representative example shown in Fig. 1 , responses to epitopes that were Ն3 times baseline and at least Ն50 net SFC/10 6 PBMC at any time point from week 4 through 24 are shown for three subjects: subject 343033 (1-mg dose group) (Fig. 1A) , subject 343007 (0.5-mg dose group) (Fig. 1B) , and subject 343020 (placebo group) (Fig. 1C) . For subject 343033, a significant baseline response to Pol 971 was measured prior to vaccination, and the magnitude of the response varied during the vaccination period. The response to Pol 929 increased 50-fold from 15 SFC/10 6 PBMC at baseline to 750 SFC/10 6 PBMC 4 weeks after the first immunization. The Pol 929 response persisted throughout the active immunization phase of the clinical trial, averaging 768 SFC/10 6 PBMC. When the response to this epitope was measured at week 18, the magnitude had fallen over 12-fold to 60 SFC/10 6 PBMC, indicating the highly variable nature of responses measured in this study. Similarly, responses to Nef 221 were detected with magnitudes of up 100 SFC/10 6 PBMC but only during the immunization period, indicating a transient nature of the response. Responses to Pol 971 for subject 343007 and to Env 134 for subject 343020 barely reached the minimum significance level of 50 net SFC/ 10 6 PBMC at a single time point tested before dropping back to baseline levels.
Epitope-specific responses measured in the vaccine follow-up period, weeks 2 through 40, for each dose group are depicted in Fig. 2 . Overall, 12 of 32 subjects (37.5%) receiving active vaccine responded to at least one new epitope over the course of vaccination, whereas two of eight placebo recipients (25%) responded similarly (P ϭ 1.0 by Fisher's exact test). The highest frequencies of responses over time were observed in the 0.5-and 2-mg dose groups, where four subjects responded in each group. However, the differences in response frequen-
Examples of epitope-specific responses in subjects 343033 (1-mg dose group) (A), 343007 (0.5-mg dose group) (B), and 343020 (placebo group) (C) over the course of vaccination. PBMC were stimulated with individual peptides corresponding to EP HIV-1090 epitopes in an overnight IFN-␥ ELISPOT assay. Epitopes for which specific responses were Ն3 times baseline and at least Ն50 net SFC/10 6 PBMC at any time point tested from week 4 through week 24 are shown. The times of vaccine immunizations are indicated by arrows. The horizontal dashed line represents the lower limit of significant responses. Measurement of epitope-specific responses using the IVS ELISPOT assay. To test for the presence of HIV-1-specific T-cell responses primed by the vaccine but present in the blood at a frequency below the detection limit of the primary ELISPOT assay, an in vitro restimulation step was included in the assay. Figure 3 shows examples of pre-and postvaccine expanded ELISPOT peptide responses in four vaccine recipients. Using the criteria for a vaccine-induced epitope-specific response of a Ն3-fold increase at week 24 over the baseline response to the corresponding peptide and a minimum magnitude of Ն500 SFC/10 6 expanded cells, 10 vaccinees and 1 placebo recipient (P ϭ 0.41) recognized two or more peptides, and 15 vaccinees and 3 placebo recipients (P ϭ 0.71) recognized one or more vaccine peptides when measured using the IVS ELISPOT assay. This is in comparison to two vaccinees and no placebo recipients for two or more peptides (P ϭ 1.0) and five vaccinees and no placebo recipients for one or more responses (P ϭ 0.56) in the primary ELISPOT assay at week 18. These results are summarized in Fig. 4 . Among vaccine recipients, the expanded ELISPOT assay at week 24 detected a significantly greater number of vaccine responders than the primary ELISPOT assay at week 18 (P ϭ 0.013 for responses to one or more peptides and P ϭ 0.008 for responses to two or more peptides) (Fig. 4) . Concordance between these two assays was very good in terms of detecting vaccine responders. As   FIG. 2 . Frequency of subjects exhibiting one or more epitope-specific responses of Ն50 net SFC/10 6 PBMC and a Ն3-fold increase over baseline in the PBMC ELISPOT assay during vaccine treatment at weeks 2 to 40. The number of responders out of total subjects for each dose group is also indicated. The following samples were missing: week 4 for subject 343038 (2 mg), week 24 for subject 343034 (2 mg), and week 40 for subjects 343014 (placebo), 34301 (0.5 mg), and 343005 (1 mg).
FIG. 3. Expanded ELISPOT peptide responses for patients 343002 (0.5 mg), 343033 (1 mg), 343039 (2.0 mg), and 343044 (4 mg). Cryopreserved PBMC from before vaccine administration (clear bars) and week 24 after vaccine administration (shaded bars) were stimulated with a pool of the 21 vaccine-encoded epitope peptides for 8 days in culture and then assayed for responses using an IFN-␥ ELISPOT assay as described for nonexpanded PBMC. Responses to epitopes that were Ն3 times baseline with a magnitude of Ն500 net SFC/10 6 PBMC at week 24 are illustrated.
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on August 14, 2017 by guest http://cvi.asm.org/ an example, the 2 responders to two or more peptides in the primary ELISPOT assay at week 18 were among the 11 responders to two or more peptides detected by the IVS ELISPOT assay at week 24.
Using both the primary week 18 and expanded ELISPOT assays to measure epitope-specific responses, 31% (10/32) of vaccine recipients responded to two or more epitope peptides and 17/32 (53%) responded to one or more vaccine peptides, although these response rates were not statistically significant compared to those measured using PBMC from placebo patients (P ϭ 0.41 and P ϭ 0.69, respectively). Using both the primary and expanded ELISPOT assays and including all postvaccine time points for the primary ELISPOT assay, 41% (13/ 32) of vaccine recipients responded to two or more peptides and 66% (21/32) responded to one or more vaccine peptides, although this again failed to achieve statistical significance compared to placebo (P ϭ 0.22 and P ϭ 0.44, respectively).
DISCUSSION
The EP HIV-1090 DNA vaccine is an experimental, firstgeneration product designed to induce responses to highly conserved, HLA class I supertype-restricted, HIV-1 derived CTL epitopes (32) . Our initial preclinical studies showed these conserved epitopes to be antigenic, recognized in vitro using PBMC from a cohort of HIV-1-infected patients, suggesting that they are processed, presented, and immunogenic during natural infection. However, the magnitude of naturally occurring CD8 ϩ T-cell responses targeting these epitopes was low in treated subjects, and the breadth of recognition for a given individual was relatively narrow. Thus, we hypothesized that immunization of HIV-1-infected subjects receiving effective ART with EP HIV-1090 DNA vaccine would induce a stronger and more broadly directed CTL response capable of recognizing autologous HIV-1 variants in vivo.
A major challenge of this type of therapeutic immunization is viral variation, as multiple viral variants, or quasispecies, exist that can evade immune detection through changes in amino acid sequences of CTL epitopes. The evolution of such viral escape mutants, in concert with well-documented HIVassociated T-cell dysfunction, contributes to the loss of immune system control associated with disease progression. With this in mind, the EP HIV-1090 DNA vaccine was designed to induce CTLs that will recognize not only amino acid sequence conserved epitopes but also epitopes with minor changes in sequence (27) . The working hypothesis is that these epitopes cannot be altered significantly without affecting viral fitness, and as such, they are logical targets for therapeutic vaccination. In this, the first phase 1 trial with HIV-1 infected subjects, the vaccine proved to be safe and very well tolerated but not as immunogenic as was predicted based on animal testing and clinical testing data reported by others. It is difficult to compare the results obtained from the clinical testing of other DNA vaccines because different study designs and types of immune response assays were used. For example, the use of peptide pools rather than individual CTL or HTL epitope peptides complicates comparison, as peptide length can effect rate of detection (10) . The use of ELISPOT assays or intracellular cytokine staining, with and without peptide or other forms of cellular activation or restimulation, also varies between laboratories. Additionally, the variation reported between studies involving the same vaccine products is significant, indicating variability between laboratory capabilities. Finally, preexisting HIV-specific immune responses induced during natural infection may vary between target patient populations and can complicate measurement of vaccine-induced immunity in the therapeutic vaccination setting. However, given all of these variables, the vaccine immunogenicity observed in our studies appears to be comparable to, but certainly not greater than, that reported for other DNA vaccines encoding intact HIV viral gene products or epitopes or for peptidebased products tested clinically.
For example, a vaccine composed of HIV-1 subtype A-derived CTL epitopes fused to the intact Gag p24 gene product and delivered as a DNA vaccine was reported to induce weak and transient CTL responses, measured using the ELISPOT assay, in the PBMC of 14 of 18 healthy uninfected volunteers (78%) (28) . However, a significantly reduced response rate of Ͻ15% was reported following subsequent clinical testing, and the immunogenicity of this DNA vaccine could not be demonstrated in HIV-infected volunteers, where preexisting immune responses complicated the analysis (8, 16) . Cellular immune responses measured using an ELISPOT following vaccination of normal volunteers with a similarly designed DNA product encoding Plasmodium falciparum CTL epitopes fused to the thrombospondin-related adhesion protein appear to be comparable in rate and magnitude and mediated predominantly by CD4 ϩ T lymphocytes (26) . Immune responses were increased significantly following a booster immunization with the P. falciparum products delivered using an MVA, indicating immune system priming by administration of the DNA vaccine. This is similar to the results we report in this paper, where additional responses could be detected using a culture step to expand and activate responding T lymphocytes to detectable levels.
Higher rates of T-lymphocyte responses were observed using DNA vaccines encoding largely intact but inactivated HIV FIG. 4 . Summary of vaccine (n ϭ 32) and placebo (n ϭ 8) recipients recognizing vaccine peptides using primary and expanded ELISPOT assays. The percentage of recipients responding to one or more (solid bars) or two or more (hatched bars) epitope peptides using the following criteria are shown: primary ELISPOT assay (prevaccine versus week 18, unexpanded PBMCs), primary cumulative (prevaccine versus any postvaccine time point, unexpanded PBMCs), or IVS ELISPOT assay (prevaccine versus week 24, expanded PBMCs).
gene products; response rates of 36 to 40% for CD8 ϩ T lymphocytes and 93 to 97% for CD4 ϩ T lymphocytes were reported (5, 15) . These finding could be interpreted to indicate that DNA vaccines encoding large or intact viral gene products are more immunogenic than epitope-based vaccines such as the product tested in our study. The increased rates of response to the intact Gag p24 protein and TRAP over the defined CTL epitopes may support this interpretation (26, 28) . However, an alternative possibility is that HTL epitopes and the responses induced to them may increase vaccine potency with respect to inducing CTL responses. It should be noted that other experimental vaccines encoding both HTL and CTL epitopes have been developed and are being evaluated clinically; the results of these studies may provide some insight into the results from this first trial.
The use of the primary ELISPOT assay for analysis of PBMC samples from multiple study time points indicated the induction of transient HLA phenotype-restricted CTL responses rather than long-lived circulating and activated CTLs. This has been reported for DNA-and MVA-vectored vaccines by others (16, 28) and interpreted largely to indicate low-level responses and limitations with assay sensitivity or specificity (18) . Transient CTL responses may also indicate loss in the periphery resulting from homing of lymphocytes to lymphoid tissues, a reduction in cellular function and activation in the absence of continued epitope stimulation or proinflammatory signals, or potentially the progression of vaccine-induced CTLs to memory cells. To investigate these possibilities, an IVS assay was used. The sensitivity of the IVS ELISPOT assay significantly increased our ability to detect responses, resulting in the detection of multiple responses to vaccine-encoded epitopes.
The EP HIV-1090 DNA vaccine was also tested in non-HIVinfected volunteers by the HIV Vaccine Trials Network (HVTN-048) (14) . The product was observed to be safe and well tolerated. Similar to the case for this study, immune responses measured using a primary ELISPOT assay or chromium release assay were only rarely observed; responses were detected in 4 of 35 of vaccine recipients (11%) using PBMC sets from three or four study time points. Further testing using other assays was not completed for the HIV Vaccine Trials Network study, and therefore, the two studies cannot be compared further.
The EP HIV-1090 DNA vaccine proved to be safe and tolerable, and transient new CTL responses were observed in a small subset of vaccinated subjects using prespecified response criteria. However, overall differences in response rates between vaccine and placebo recipients did not achieve statistical significance. The transient nature of the measured CTLs may be a concern; however, additional assays will be needed to better characterize the vaccine-induced T-cell responses to determine if memory CTL responses were effectively primed. As this study was focused on safety and not powered to detect significant differences in vaccine-induced immune responses, additional clinical testing will also be needed to assess vaccine schedules and methods that may augment vaccine potency in HIV-infected subjects. Similarly, larger trials will be necessary to determine whether epitope-based therapeutic vaccine approaches result in better control of HIV-1 replication. Analysis of the combined data from the studies completed with HIVinfected and uninfected volunteers using this vaccine indicates the likely need to increase vaccine immunogenicity through the use of vaccine delivery devices, adjuvants, or potentially the incorporation of HIV-1-derived HTL epitopes. Further studies with second-generation products and vaccine delivery devices are ongoing.
